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Uncovering the Dynamics of RNA Polymerase in Live E. coli Cells
Kelsey Bettridge1, Christopher Bohrer1, Xinxing Yang1, Max Klein2,
Jie Xiao1.
1Johns Hopkins School of Medicine, Baltimore, MD, USA, 2Johns Hopkins
University, Baltimore, MD, USA.
Transcription is a highly regulated process in the cell. The kinetics and mech-
anism of transcription have been extensively studied in vitro. However, a
living cell is a complex entity; the heterogenous, crowded cellular environ-
ment is drastically different from the homogeneous, well-mixed situation
in vitro, likely imposing different rules on transcription. In this work we
used a functional, fluorescent protein-tagged RNAP in live E. coli cells to
track the dynamics of individual RNAP molecules in time and space. Using
quantitative single particle tracking analysis and theoretical modeling, we
determined different diffusive states of RNAP and the corresponding transi-
tion probabilities between states. By further correlating with transcription
activities, we provide results illustrating the kinetics of various aspects of
transcription such as the typical promoter search time and transcription elon-
gation time in live cells.
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RNA polymerase (RNAP) has been shown to exhibit clustered distribution in
bacterial cells. These clusters were hypothesized to be active transcription fac-
tories in which concentrated RNAP molecules are engaged in ribosomal RNA
synthesis. To examine this hypothesis, in this study we used photoactivated
localization microscopy (PALM) to map the spatial distribution of RNAP in
correlation with active transcription in superresolution. We monitored the co-
localization of RNAPwith single mRNA or rRNA gene sites, with nascent tran-
scripts, and with elongation factors NusA and NusB. We further examined the
cellular positioning of rRNA and mRNA genes sharing similar regulatory con-
trols under different transcription conditions. Our results provide evidence
rigorously examining the transcription factory model.
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Production of a messenger RNA proceeds through sequential stages of tran-
scription initiation, transcript elongation and termination; all three stages
are regulated to control gene expression. As RNA polymerases (RNAPs) tran-
sition to elongation, they lose association with one or more initiation protein
factors required to recognize transcription start sites, and they acquire proteins
specifically involved in regulating transcript elongation and termination. Es-
cherichia coli s70 is an initiation factor. Previous studies reached conflicting
conclusions about the extent to which s70 is retained after elongation begins,
and the rate of its release from RNAP actively undergoing transcript elonga-
tion has not been directly measured. We used multiwavelength single-
molecule fluorescence co-localization microscopy to observe the association
of s70 with RNAP during initiation and throughout the elongation of a
2,400 nucleotide transcript. We observe that a majority of RNAP molecules
lose s70 concommitant with promoter escape, while a subpopulation of
elongation complexes retain s70 throughout elongation of the full transcript.
The fraction of s70 retained on elongation complexes is influenced by the
sequence of the initial transcribed region. The presence of s70 on elongation
complexes far downstream of the promoter is expected to substantially alter
their regulation by affecting transcription pausing, termination, and possibly
re-initiation.
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The crystal structure of the RNAP-promoter open complex indicates that
RNAP core interacts with the transcription-bubble nontemplate strand segment
corresponding to positions 4 to þ2 (core recognition element, CRE).To determine whether RNAP-CRE interactions are sequence-specific, we con-
structed all nucleotide substitutions at each CRE position, and assessed effects
on RNAP-DNA interaction in equilibrium binding experiments and off-rate ex-
periments. The results show that RNAP exhibits specificity for T or G at CRE
position 4, specificity for T at CRE position þ1, and specificity for G at CRE
position þ2.
To identify RNAP residues that mediate specificity at CRE positions þ2, þ1,
and 4, we constructed Ala substitutions of RNAP residues and assessed effects
on RNAP DNA interactions with promoters containing all nucleotide substitu-
tions at CRE positions 4, þ1, and þ2. The results show that Ala substitution
of substitution of bR371 eliminates specificity at CRE position 4, Ala substitu-
tion of bW183 eliminates specificity at CRE position þ1, and Ala substitution
of bR151, bD446, or bR451 eliminates specificity at CRE position þ2
To define the structural basis of specificity at CRE positions þ1 and þ2, we
determined crystal structures of RPo derivatives containing all nucleotide sub-
stitutions at CRE positionsþ1 andþ2. The results show that specificity at CRE
positions þ1 and þ2 manifests itself not only in quantitative differences in
binding thermodynamics and kinetics, but also in qualitative differences in
structure.
In further work, we have used RNAP derivatives containing bR371A,
bW183A, and bD446A substitutions as reagents to assess the functional signif-
icance of RNAP-CRE interactions. The results show that RNAP CRE interac-
tions affect the sequence specificity of promoter binding and start-site selection
during transcription initiation and also affect the sequence specificity of trans-
location and pausing during transcription elongation.
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RNA polymerases (Pols) are a diverse class of enzymes that fulfill an array of
biological requirements. In eukaryotes the task of nuclear RNA synthesis is
apportioned among three distinct Pols. Unlike all other cellular Pols, Pol I rec-
ognizes a single promoter and synthesizes a single target transcript. Pol I’s
RNA product is ultimately processed into the three largest RNAs of the ribo-
some. It has long been recognized that cellular protein synthetic capacity is
linked to cell proliferation and transformation. In summary, Pol I is centrally
located in a process requisite to tumorgenesis. Recently, the Pol I system has
received attention as a target of chemotherapeutic intervention. Despite Pol
I’s involvement in cancer, there are no mechanistic data available to further
its utility as a drug target. In addition, it is not clear why eukaryotes have
evolved three distinct Pols to perform the task of nuclear RNA synthesis. A
thorough understanding of the molecular mechanisms governing Pol I tran-
scription will aid the development of Pol I - specific inhibitors as well as further
our understanding of the necessity of three nuclear Pols.
We have developed techniques that enable the reconstitution of Pol I elongation
complexes from purified protein and nucleic acid components. Combining re-
constituted elongation complexes with transient-state kinetic approaches we
have characterized the Pol I nucleotide addition cycle and developed a minimal
kinetic framework describing the reaction pathway. Combining these ap-
proaches with structure-based mutagenesis will enable elucidation of the mo-
lecular mechanisms governing Pol I - catalyzed RNA synthesis.
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The time statistics of mRNA production is often non-Poissoinian, characterized
by bursts of activity interspersed by periods of inactivity. While a multitude of
models focuses on initiation dynamics as the source, burstyness is often inde-
pendent of promoter sequence and its microscopic origins have remained
elusive. We theoretically examine the effects of crowding on the DNA as a uni-
versal and promoter independent mechanism for generating and sustaining
bursts. Using a modified version of the totally asymmetric exclusion process,
we model RNAp traffic in the presence of DNA binding proteins, higher order
genome structures, or other dynamic roadblocks to transcription. Through
simulations, mean-field solutions, and scaling arguments we provide a state
diagram showing under what conditions and to what extent crowding can be
expected to induce bursts in mRNA production. We further show how road-
block dynamics introduces an effective attraction between polymerases,
that counteracts diffusive spreading and sustains bursts throughout the elonga-
tion phase. Thus, by accounting for the effect of roadblocks to transcription,
our model suggests that bursting is a natural side effect of crowding on
the DNA.
